ABSTRACT Horizontal cells of the carp retina were separated from other retinal cell types by using enzymatic dissociation and velocity sedimentation at unit gravity. Fractions containing horizontal cells were tested for their ability to accumulate cyclic AMP in the presence of various putative neurotransmitters. Micromolar concentrations ofdopamine, when added in the presence of 3-isobutyl-1-methylxanthine, stimulated cyclic AMP accumulation in these isolated cells. The dopamine-dependent accumulation of cyclic AMP in intact isolated horizontal cells was blocked by nanomolar concentrations of dopamine antagonists such as haloperidol, (+)-butaclamol, and fluphenazine. The results indicate that there is a postsynaptic dopamine receptor on carp horizontal cells that is associated with adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1].
There is now good evidence that dopamine serves as a neurotransmitter in several regions of the central nervous system (1, 2) . It is also well established that dopamine activates the enzyme adenylate cyclase [ATP pyrophosphate-lyase (cyclizing), EC 4.6.1.1] in many of these same central nervous system areas (3) (4) (5) , including the retina (6) . These findings have led to the speculation that cyclic AMP mediates some of the effects of dopamine in nervous tissue (7, 8) , although the precise role of cyclic AMP is not well understood. Moreover, not all dopamine receptors appear to be linked to adenylate cyclase (9, 10) , and a recent classification differentiates dopamine receptors that are associated with adenylate cyclase (Dl receptors) from those that are not (D2 receptors) (9) .
In the teleost retina, dopamine is present in interplexiform cells that make synapses on horizontal and bipolar cells in the outer plexiform layer and on amacrine cells in the inner plexiform layer (11) . A highly specific dopamine-sensitive adenylate cyclase is found in the teleost retina that possesses pharmacological properties very similar to those of the dopamine-sensitive adenylate cyclase in the mammalian brain (12, 13) . Although most dopamine receptors in the retina appear to be of the DI type (14, 15) , recent evidence suggests the presence of a small population ofdopamine receptors not associated with adenylate cyclase (16) .
Virtually all ofthe biochemical studies ofdopamine-sensitive adenylate cyclase in both retina and brain have employed either tissue homogenates or tissue slices. In such preparations, it is usually not possible to identify the cellular locus of the dopamine receptors under study, whether they are pre-or postsynaptic or, often, ifthey are neuronal. However, a number oftechniques are available for isolating specific classes of cellular elements for biochemical assay. For example, Sarthy and Lam have shown recently that glial cells and photoreceptors can be isolated from the turtle retina by velocity sedimentation (17, 18) . In this paper we describe methods for isolating populations of cells from the enzymatically dissociated carp retina by velocity sedimentation in a Ficoll gradient. Two of the resulting cell fractions are highly enriched with horizontal cells. As noted above, carp horizontal cells receive dopaminergic input, and furthermore they respond physiologically to dopamine in situ (19) . We report here that dopamine induces the formation of cyclic AMP in the cell fractions containing horizontal cells. The findings provide direct evidence that horizontal cells ofthe carp retina possess dopamine receptors linked to adenylate cyclase.
MATERIALS AND METHODS Dissociation and Separation of Neurons. Carp (Cyprinus carpio), 10-20 cm in length, were maintained at room temperature in an aerated tank. Prior to an experiment, the carp were dark adapted for 15-20 min. The eyes were enucleated and the corneas and lenses were removed. Eight retinas were gently removed from the globe under dim white light and placed in 20 ml of a solution containing 0.08% trypsin (Sigma) in a phosphate Ringer's solution [80 mM NaCV22.7 mM NaHCOV0.8 mM Na2HPOJ3.5 mM KCV0.1 mM KH2POd 2.4 mM MgSO4/10 mM dextrose/5 mM ethylene glycol bis(f3-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) adjusted to pH 7.4]. A 95% O2/5% CO2 mixture was bubbled around the retinas for 1.5 hr at room temperature and then the retinas were transferred to 10 ml of Hepes Ringer's solution (80 mM NaCl/ 22.7 mM NaHCOJ3.4 mM KCV2.4 mM MgSOJ2.3 mM CaCl2/10 mM dextrose/10 mM Hepes adjusted to pH 7.4). The retinas were washed twice in this Hepes buffer and dissociated in 40 ml ofthe buffer at 9°C by gently pipetting the retina pieces up and down with a 6-inch (15-cm) Pasteur pipette. Cell clumps were allowed to settle for 10 min.
In most experiments, 2-ml aliquots were drawn from the top of the cell suspension and loaded on each of 12 gradients containing 50 ml of 0.8-4% Ficoll (Pharmacia). The remaining 16 ml of Ringer's solution, containing clumps of cells, was discarded. The gradient vessels were funnel-shaped, with a diameter of 5 cm and a depth of 7 cm. Cells were allowed to sediment at 9°C. After 4 hr, retinal cells were distributed throughout the gradient. To identify the location of the various cell types, nine fractions, each containing 5.5 ml, were drawn from the gradients and placed into gridded culture dishes. The cells were allowed to settle, and their structure was examined by light microscopy. The number of cells per fraction was estimated by counting the cells in a representative sample ofgrids. Receptors and horizontal cells were particularly easy to identify because of their unique shape and size. The other major retinal neurons, bipolar, amacrine, and ganglion cells, were difficult to distinguish from one another after sedimentation. Some nonneural cells, such as erythrocytes, pigment epithelial cells, and Abbreviation: iBuMeXan, 3-isobutyl-1-methylxanthine.
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. In a few experiments, larger gradients were used that had a diameter of 14 cm, a depth of 9 cm, and a volume of 750 ml. Cell suspensions were prepared as described above, and 24 ml from the top ofeach cell suspension was loaded on a single large gradient. The remaining 16 ml of cell suspension, containing the cell clumps, was discarded as before. Eighty-milliliter fractions were collected and examined as previously described. The distribution of retinal cell types was similar in the large and small gradients.
Cyclic rounded than those of fraction 4 (Fig. 2b) . No axons were observed attached to any of the horizontal cells. (The few axon processes that were observed appeared in the horizontal cell fractions.) Under the electron microscope, mitochondria and other cytoplasmic organelles appeared normal in the isolated horizontal cells (Fig. 3a) . The plasma membrane seemed to be intact, and no presynaptic terminals were seen impinging on the cells. Some small flattened vesicles were seen throughout the cytoplasm (arrows in Fig. 3a Inset); such vesicles were not observed in horizontal cells fixed with similar methods in situ.
Morphologically, the rod photoreceptors also appeared quite intact after 4 hr of sedimentation (Fig. 3b) Dopamine added to the incubating medium for 5 min stimulated cyclic AMP accumulation in the horizontal cell fractions in a graded fashion (Fig. 4) . Dopamine at 1 AM induced measurable quantities of cyclic AMP, and 300 ,uM dopamine appeared to saturate the system. The concentration of dopamine required to produce 50% ofthe maximal response (EC50) in the horizontal cell fractions was approximately 20 LM, which compares favorably with the concentration of dopamine required to produce the half-maximal cyclic AMP response in homogenates or pieces of intact retina [i.e., 1-10 pM (12, 13) ]. Owing to the small amount of material present, reliable protein measurements could not be made in the pooled horizontal cell fractions. Thus the cyclic AMP levels are expressed in terms ofpmol of cyclic AMP per pooled fraction or, assuming 3000 cells per pooled fraction, fmol of cyclic AMP per horizontal cell.
The response of the horizontal cell fractions to dopamine required that a phosphodiesterase inhibitor be present in the incubation medium. This was shown in experiments in which horizontal cell fractions were incubated with 200 ,M dopamine in the presence or absence of2 mM iBuMeXan. No cyclic AMP could be detected in fractions incubated with dopamine alone, but substantial levels of cyclic AMPwere found in fractions incubated with dopamine and iBuMeXan. In contrast to the horizontal cell fractions, the pooled fractions containing rods showed a moderately high basal level of cyclic AMP (Fig. 4) . However, the level of cyclic AMP in these fractions was unaffected by a 5-min incubation with dopamine at concentrations up to 300 ,uM in the presence of 2 onist), 0.1 mM serotonin, 1.0 mM aspartic acid, 10 mM yaminobutyric acid, and 1.0 mM' glycine; all failed to induce measurable amounts of'cycic AMP accumulation in horizontal cell fractions. The only transmitter candidate, other than dopamine, found to be effective was vasoactive intestinal peptide. The effect ofvasoactive intestinal peptide on isolated horizontal cells will be reported subsequently (20) .
Several dopamine antagonists were tested for their ability to block the stimulation ofcyclic AMP production induced by 200 ,uM dopamine on isolated horizontal cell fractions, including haloperidol, fluphenazine, (+)-and (-)-butaclamol, and domperidone. Fig. 5 (12, 13) .
To test whether the increased antagonist sensitivity of the dopamine-sensitive adenylate cyclase relates to the use ofintact cells, horizontal cells harvested from large gradients were gently disrupted in a glass hand homogenizer and the resulting homogenates were tested for their ability to accumulate cyclic AMP in the presence of dopamine and various concentrations of (+)-butaclamol. In two experiments, each testing eight concentrations of (+)-butaclamol, 800-1000 nM (+)-butaclamol was required to half-inhibit the stimulation of cyclic AMP accumulation induced by 200 uM dopamine in fractions in which the cells were homogenized. In contrast, control experiments using intact cells showed that (+)-butaclamol inhibited cyclic AMP accumulation with an IC,% of 1 nM (Fig. 5) . 
DISCUSSION
The results ofthe present study show that it is possible to isolate cell fractions from the enzymatically dissociated carp retina that are highly enriched in horizontal cells. Furthermore, the separated horizontal cells appear to be intact by light and electron microscopy and they respond to dopamine by synthesizing cyclic AMP. The concentration of dopamine required to produce 50% of the maximal stimulation in the isolated cells (20 1LM) is similar to the concentrations required to produce 50% stimulation of cyclic AMP synthesis in both homogenates and pieces of carp retina (1-10 tIM).
There are some interesting features ofthe isolated horizontal cells as regards their cyclic AMP levels and response to dopamine. First, we have never been able to detect cyclic AMP in unstimulated fractions ofhorizontal cells. In other words, basal levels of cyclic AMP in these fractions are below the level of detection. In one experiment we pooled horizontal cell fractions from eight small gradients, but we still were unable to detect any cyclic AMP. There were approximately 24,000 cells in the pooled fractions examined, which suggests that a single isolated horizontal cell may contain less than 0.0004 fmol ofcyclic AMP.
After stimulation with 200 AuM dopamine, a single horizontal cell contains approximately 0.18 fmol of cyclic AMP (Fig. 4) , so that dopamine is capable of increasing cyclic AMP levels by at least 450-fold in these cells. This estimate may be conservative because the horizontal cell fractions we isolated probably contained all four subtypes of horizontal cells known to be present in the cyprinid retina (21) . Three of these subtypes are related to the cone photoreceptors (21), appear to receive dopaminergic input (11) , and are sensitive physiologically to dopamine (19) . The other subtype of horizontal cell is rod-related and does not appear to have dopaminergic input (11) . Furthermore, the rodrelated horizontal cells do not respond physiologically to dopamine (19) , suggesting that they may not possess depaminesensitive adenylate cyclase.
The fractions containing the rod photoreceptors contain measurable basal levels ofcyclic AMP levels that are unaffected by the addition of dopamine (Fig. 4) (Fig. 3a) .
The most surprising result we encountered was the finding that the dopamine antagonists are effective at nanomolar concentrations on isolated horizontal cells, whereas in homogenates, micromolar concentrations of these substances are required (12) . Why the isolated horizontal cells are so much more sensitive to these antagonists is not clear. Two (13) . Our experiments using large gradients, in which we increased the number ofharvested horizontal cells, are of significance in this regard. We were able to measure a dopamine-dependent accumulation ofcyclic AMP in such fractions after the cells had been gently homogenized and found that the concentrations of(+)-butaclamol required to half-inhibit the cyclic AMP accumulation was about 1 ,uM. This is 1000 times the concentration of (+)-butaclamol required to half-inhibit cyclic AMP accumulation in fractions containing intact horizontal cells. Thus, the sensitivity of the dopamine receptors on horizontal cells to (+)-butaclamol appears to relate to the intactness of the cells.
It'is of interest to note, finally, that the dopamine receptors that stimulate the accumulation of cyclic AMP in the intact isolated horizontal cells behave pharmacologically like D2 receptors described in homogenates of the retina and elsewhere in the brain (9, 10) . That is, D2 receptors are usually described as being sensitive to micromolar concentrations of agonist but nanomolar concentrations of antagonist. After cell homogenization, on the other hand, the dopamine receptors ofhorizontal cells behave pharmacologically more like DI receptors; that is, they are sensitive to micromolar concentrations of both agonist and antagonist (9, 10) . It 
